physics such as unconventional superconductivity and applications to nano-electronics and spintronics.
In situ measurements techniques
Many of surfaces and atomic-layer materials are easily oxidized and deteriorated when they are taken out of UHV chambers where the samples are grown and prepared. Therefore, it is indispensable to measure their transport properties in situ in UHV without exposing the samples to air. On the other hand, we often need high-temperature heating and material deposition/growth at elevated temperatures to prepare the clean surfaces and atomically well-defined materials in UHV. Therefore, for electrical transport measurements of such samples, we need multi-electrodes which are compatible with such UHV heating processes or electrodes detached during such sample preparations. It is, however, not easy to put such multi-electrodes on the samples in UHV.
Four-terminal measurements of electrical resistance are indispensable for surfaces and nanostructures where their electrical resistance is comparable to the contact resistance at the terminals/probes contacts. Two-terminal measurements, therefore, are useless where the contact resistance is inevitably involved in the measured results. Therefore, we need fourprobe methods in which two of the four are for current source and other two are for measuring the voltage drop.
As shown in figure 1 , researchers have developed several kinds of such electrodes. One of them is fixed electrodes (contact pads) fabricated in advance on the sample surface which are made of materials (e.g. Ta-and W-silicide on Si crystals) compatible with the high-temperature heating in UHV (figure 1(a)) [9] . In other cases, the electrodes are fabricated, by metal deposition and/or area-selecting sputtering with a mask on the sample surface after preparing the aimed sample structures (figure 1(b)) [11] . Figure 1 (c) shows a simple method for four-terminal resistance measurements where two thin Ta or W wires are just pressed down on the sample surface for voltage measurement while the clamps at both ends of sample are for current source [10] . The wires always contact the sample surface even during the heat treatments. Figure 1(d) shows a method where fixed electrodes are fabricated on the sides of sample crystal in advance which are used for measurements after cleaving the crystal in UHV to expose the flesh surface [13, 14] . These macroscopic electrodes for four-terminal resistance measurements are fixed on the sample in advance.
Other methods are multi-probes which are retracted from the sample during the sample preparation and are then in contact with sample for transport measurements (figures 1(e)-(g)) [12, 15, 16] . Such multi-probe methods contain monolithic types (figures 1(e) and (f)) where the probes are fixed with each other [12, 15] , and multi-tip prober types (figure 1(g)) where the probe spacing and arrangement can be changed arbitrarily [16, 17] .
Furthermore, it has been now possible in the last decade to carry out the in situ transport measurements in UHV at very low temperatures (less than 1 K) under strong magnetic field (up to around 10 T) [18, 19] . These UHV machines are based on low-temperature STM techniques under magnetic field.
These developments in the experimental techniques have been indispensable for research of surfaces and atomic-layer materials.
In addition to four-probe resistance measurements, scanning tunneling potentiometry (STP), as shown schematically in figure 2(a), is also useful to measure electrical resistance at nanometer scales by using multi-tip STM [5, 20, 21, 22] . In STP, by electrical current fed through the outer pair of tips, potential gradient occurs along the sample surface, which is measured by the third tip in scanning tunneling spectroscopy (STS) mode; the tunneling bias for the third tip is adjusted so that the tunneling current through the tip is zero at each point on the sample surface. By mapping the tunneling bias voltage at each point on the surface, this method enables us to visualize the potential distribution caused by the current, and to correlate it with the atomic-scale structures such as atomic steps and domain boundaries on the surface. Actually the STP have revealed resistance at atomic steps on graphene [5] and Si(1 1 1)-√3 × √3-Ag surfaces [20] [21] [22] . Figure 2 (b) shows an example of STP measurements on a surface of a topological insulator [23] ; the potential distribution caused by the lateral current across the surface is shown in color code, overlapped on a topographic terrain obtained simultaneously by STM mode. Potential drops at step edges as well as a continuous potential gradient on terraces are observed, as reported by previous paper [24] . An interesting finding is potential drops at domain boundaries (indicated by a yellow arrow) which is much larger than that at the steps. A void on the surface shows a dipole-like feature in the potential distribution as shown in figure 2(c) [23] . STP will expand its versatile usability when magnetic tips are used as the third tip for measuring spinresolved transport [25, 26] .
Surface-state transport
The first example shown here for four-probe resistance measurements in UHV is surface-state transport at Indiumadsorbed Si(1 1 1) surfaces. It is known that, depending on the adsorption amount of Indium at monolayer (ML) regime, various kinds of surface superstructures are formed on Si(1 1 1) substrate [1] ; √3 × √3 structure at 1/3 ML, √31 × √31 structure at 0.55(=17/31) ML [27] , 4 × 1 structre at 1 ML, and √7 × √3 structur at 2 ML [40] coverages of In, respectively. At the √3 × √3 and √31 × √31 structures (figures 3(a)-(d)), Indium atoms saturate dangling bonds of the Si substrate and they are away from each other, resulting in insulating (semiconducting) band structures. At the 4 × 1 structure (figures 3(e) and (f)), Indium atoms periodically arrange themselve densely in a particular crystal orientation on the surfae to make a stripe pattern, so that it makes a quasi-1D metallic band structure along the Indium atomic chains [28, 29] . The √7 × √3 structure has an isotropic metallic and 2D free-electron-like band structure [30] , revealed by angleresolved photoemission spectroscopy (ARPES).
As shown in figure 3(i) [31] , the sheet resistivity of the respective surface structures was measured in situ by the monolithic micro-four-point probe (micro-4PP) (figure 1(e)) in a UHV chamber [32] . It is interesting to see that the resistivity [13] , with the permission of AIP Publishing. (e) Monolithic micro-four-point probe (reproduced with permission from [12] . Copyright @ World Scientific) and (f) twelve-point probe. Reprinted from [15] , with the permission of AIP Publishing. (g) Independently-driven four-tip STM with carbon nanotube tips. Reprinted with permission from [16] . Copyright © 2007 American Chemical Society. differs by several orders of magneitudes at room temperature (RT) depending on the surface superstructures. This indicates high sensitivity to the surface transport in micro-4PP measurements (8 µm probe-spacing). Furthermore, the temper ature dependence of resistivity is also different from each other. The resistivity of the √31 × √31 (and √3 × √3)) surface increases monotonically with cooling, showing an insulating character, consistent with the surface-band structure. The 4 × 1 surface shows a metal-to-insulator transition around 130 K, characteristic to quasi-1D metallic systems [29, 33] ; the resistance increases steeply below ca. 130 K while it remains almost constant above 130 K. Only the √7 × √3 surface shows a metallic behavior, showing a decarese in resistance with cooling. This surface shows superconductivity with further cooling as described below.
Since the surface states are 2D electronic systems of about one-atom-layer thick, they should have large fluctuation and should not have any phases with long-range order at low temper atures according to Mermin-Wargner Theorem. Therefore, it had been thought that supercondutivity should not occur in the surface states. In fact, even by a report that low-temperature STS showed superconducting energy-gap opening at surface structures of Si(1 1 1) covered by one or two atomic layers of In and Pb [34] , people believed that the superconductivity probed by STS was very local and it should not be globally coherent superconductivity. It should be based on the Berezinskii-Kosterlitz-Thouless mechanism [35] .
After that, however, Uchihashi et al detected superconducting current through the surface states between millimeter-apart electrodes (shown in figure 1(b) ). This confirmed the 'surfacestate superconductivity' with long-range coherency [36] . This is due to the finite thickness of the surface state, a quasi-2D system, which, then, can have a long-range order; the wavefunction of surface sates extends by several atomic layers deep below the surface, and the Cooper pair wavefunction is coherent in macroscopic scale (though the superconducting fluctuation is large compared with 3D superconductivity).
Figure 4(a) shows the temperature dependence of the sheet resistivity of Si(1 1 1)-√7 × √3-In surface [37] measured by the monolithic micro-4PP (figure 1(e)) working at sub-Kelvin temperature under strong magnetic field in UHV [18] . It shows a superconducting transition around 2.8 K though it is not a sharp transition compared to bulk superconductors; the resistance gradually decreases well above the critical temperature. This is due to large superconducting fluctuation, intrinic to low-dimensional systems. Actualy this gradual transition is well reproduced by Aslamazov-Larkin and Maki-Thompson corrections for the 2D cases [37] . Figure 4 (b) shows change in the sheet resistivity at 0.8 K as a fucntin of the magnetic field applied perpendicular to this surface [37] . The superconductivity is broken around 0.4 T. This is the upper critical field H C2 , of which temperature dependence gives us the Ginzburg-Landau (GL) coherence length ξ GL , ξ GL = 25 ± 7 nm [37] . On the other hand, the Pippard coference length ξ, which is derived from the band parameters obatined by ARPES and STS measurements, is 610 nm, much longer than ξ GL . This is due to the influnece of a short mean free path of carriers λ by a relation
λ , meaning λ ≈ ξ GL in this system, i.e. a so-called dirty superconductor. The short λ may come from defects on the surface as well as the large fluctuation.
It is also known that adorption of Pb around monolayer regime coverages on Si(1 1 1) induces various kinds of surface phases [38, 39] . A hexagonal incommensurate (HIC) phase and a striped incommensurate (SIC) phase are formed at less than 1.2 ML and more than 1.3 ML coverages, respectively. Both phases show superconducting gap opening below 2 K [34] detected by STS. Figure 4 (c) shows the sheet resistivity of the SIC phase as a fucntion of temperature, showing a superconducting transitoin at 1.1. K [37] . As in the case of Indium mentioned above, the coference length measured by magneic field application, indicates dirty superconductivity where the coherence length is limitted by the carrier mean free path.
Rashba superconductivity in surface states
Surface-state superconductivity can provide very interesting physics due to broken space-inversion symmetry at the crystal surfaces. So-called Rashba effect is induced by the broken symmetry and strong spin-orbit intercation, resulting in splitting in energy levels between spin-up electrons and spindown electrons [41] . When such Rashba-type surface states become superconducting, we can expect unconventional superconductivity.
Let us consider first a 2D free-electron system having a parabolic band dispersion and a circular Fermi surface, as shown in figures 5(a) and (b), with space-inversion symmetry kept. For lack of Rashba effect in this case, electrons at points A nd A′ on the Fermi level are spin-degenerate without splitting in energy and wavevector (Kramers degeneracy). As a result, they make quantum mechanical states with spin-up and spin-down electrons superpositioned each other, so that the Cooper pairs in the superconducting state (the orbital part of the wavefunction) are spin-singlet
or spin-triplet
where k A, A and ↑↓ indicate the wavevector and spin of an electron at the Fermi level, respectively. By space-inversion operation which reverse the momentum directoin (k A ⇔ −k A ), the spin-singlet wavefunction equation (1) changes the sign (odd-parity). On the other hand, the spin-triplet Cooper pairs equation (2) is even-parity; the space-inversion operqation does not change the state. In this way, we can classify the wavefucntion distinctly in terms of parity. This is due to the space-inversion symmetry. But, once the spcae-inversin symmetry is broken down to have Rashba effect and spin-split bands, as shown in figures 5(c) and (d), the electrons having opposite spin with the same wavevector are not on the same Fermi surface any more. As a result, the electrons at points B and B′ (figures 5(c) and (d)) form a pair (|k B ↑ |−k B ↓ ), and the electrons at C and C′ form a pair (|k C ↓ |−k C ↑ ) separately. Since these wavefunctions of pairs, however, are transformed by space-inversin operation (k B ⇔ −k B ) into states which are neither symmetric nor anti-symmetric with respect to the particle exchange in the initial states, these states are not allowed to exist. Therefore, by introducing an imaginary state |k B ↓ |−k B ↑ which is the space-inversted fucntion of the state |k B ↑ |−k B ↓ but not exist, for example, the Cooper pair of electrons at B and B' can be re-written as
Since the second and fourth term concel out each other, the introduction of these terms is mathematically allowed. The first and second terms look like a spin-singlet Cooper-pair wavefunction equation (1) which has odd parity, while the third and fourth terms look like a spin-triplet Cooper-pair wavefunctin equation (2) which is even-parity. Thus, the wavefunction of Cooper pairs in the spin-split bands is composed of mixtures of spin-singlet-and -triplet Cooper pairs. This is called 'parity-broken superconductivity'. This kind of unconventional superconductors are expected to have novel properties such as anormously large critical magnetic field [42] and to be topological superconductors as mentioend below. Since the Rashba spin-splitting is large in the systems composed of heavy elements like Pb due to strong spin-orbit coupling, these effects of the mixed Cooper pairs are expected in the Pb-induced surface structures [43, 44] . A surface-state superconductor is found which shows gigantic Rashba effect; it is a single atomic layer of Pb and Thallium (Tl) alloy on Si (1 1 1) [45, 46] . When we deposit 1 ML of Tl and 1/3 ML of Pb on Si (1 1 1) surface, a √3 × √3 superstructure is formed ( figure 6(a) ) [47] . ARPES exhibits the band dispersion as shown in figure 6(b) , clearly showing dispersive metallic bands crossing the Fermi level in both of Γ -M and Γ -K directions. These are furthermore split into two, as shown in the magnified figure in figure 6 (c). Figure 6(d) is the band dispersion obtained by the first-principle calculation based on the atomic arrangement shown in figure 6(a) , which reproduces the ARPES result of figure 6(b) very well. The calculation shows that the spins of electrons in the two-fold bands point in opposite directions from each other. The energy splitting between the oppositespin electrons at the same wavenumber is as large as 250 meV.
The upper half of figure 6(e) is the Fermi surface obtained by ARPES, while the lower half is calculated by the ) show the sheet resistivity of this surface at low temperature measured by monolithic 4PP (figure 1(e)) in UHV [45] . The results clearly show a superconducting transition around 2.3 K, and the surface-normal magnetic field makes the critical temperature (T C ) lower. A field of ca. 0.7 T totally suppresses the superconducting transition, corre sponding to the upper critical field (H C2 ). A phase diagram summarizing the relation between T C and H C2 , shown in figure 7(c), gives us the GinzburgLandau coherence length ξ GL as about 20 nm. Since this length is much longer than the thickness of one-atom layer, we can say that this system is a 2D superconductor. As in the In-atomic layer in figure 4 , the gradual decrease in the sheet resistivity above T C with cooling is due to superconducting fluctuation which is enhanced in 2D systems; the Cooper pairs are formed incoherently above T C , which makes the resistance gradually lower, and the pairs become coherent to make the resistance zero at T C . The current-voltage curves around T C (not shown here) follow a characteristic power law, which is a sign of superconducting transition in 2D systems based on Berezinskii-Kosterlitz-Thouless theory [35] ; creation and annihilation of pairs of vortex-anti-vortex and their dissociation are induced around T C .
In addition to the two-dimensionality of this superconductivity, the spin-splitting due to the Rashba effect mentioned in figure 6 can make this system a parity-broken superconductor as described above [46] . Actually low-temperature STM and STS have revealed some signatures of the unconventional superconductivity in the structures of vortex cores and a pseudo-gap [46] .
When the topological surface states transit to be superconducting, such 'topological superconductivity' should be also unconventional [48] . Topological superconductors, which can be made with parity-broken superconductors or with junctions between topological insulators and superconductors, have energy gaps in the bulk (or in the central part of the surface/interface), while their edges/surfaces have gapless metallic states (Andreev bound states), much like at topological insulators. The edge/ surface states are protected by 'bulk-edge correspondence'. It is predicted by theory that such edge states host Majorana states where 'particles' and 'anti-particles' are the same. This is a hot topic towards quantum computers where the calculation is based on manipulation of interacting Majorana states.
Another interesting result recently reported on the superconductivity at atomic layers is a single unit-cell film of FeSe epitaxially grown on SrTiO 3 (0 0 1) substrate. This shows superconductivity above 100 K, reveal by in situ micro-4PP method in UHV (figure 8) [49] . This is a much higher T C than that of bulk crystal (9.4 K). Although the electronic states of the substrate may contribute to enhancing the superconductivity of FeSe layer, the detailed mechanism for the high T C is still under debate. 2D superconductivity including the surface-state superconductivity is now a hot topic in condensed matter physics. [49] . The inset is a micro-four-point probe attached on a low-temperature STM head. Reproduced from [49] , © 2014 Macmillan Publishers Limited. All rights reserved. With permission of Springer.
Transport at topological surface states
When the spin-orbit interaction is strong enough in the broken space-inversion-symmetry systems, we have more than Rashba effect; so-called 'band inversion' occurs where the bottom of the conduction band and the top of the valence band are exhcnaged in energy potisition, resulting in topological insulators. This makes the bands 'twisted'; the parity changes partially within single bands, which is called 'topologically non-trivial'. Since the vacuum is a 'topologically trivial insulator in which such a 'band twist' does not occur, the surface of a topological insulator is the interface between the twisted-band insulator and the non-twisted-band insulator. Then, such a surface always hosts metalic surface-state bands which connect the conduction and valence bands of the bulk states by spanning the band gap. The topological surface states do not disapper unless the band inversion is resolved in the bulk bands. Therefore the surface states are robust againist defects and contaminations on the surfaces and not depend on the details of chemical bonds at surface atomic layers. This is because, as mentioned above, the surface states originate from the bulk band inversion, not from the surface properties. This distinctly contrasts to the nature of traditional Shockley/ Tamm-type surface states [41] . Although the topological surface states never disappear, they can be degreaded in the properties by defects and contaminatoin.
Well-known examples of 3D topological insulators are Bi 2 Se 3 and Bi 2 Te 3 , of which surface states are spin-split with Dirac-cone-type linear dispersion. Since the Fermi surface of the topological surface states has a so-called spin texture structure, 'spin-momentum locking' effect occurs; the spin of electrons is always perpendicular to the direction of current flow. Therefore, some kinds of spin-related transport are expected. But, in many of real crystals of topological insulators, the bulk states are not really insulating due to many defects in the crystals. Therefore, the electrical curent flows through the bulk states as well as the metallic surface states. Then, we need to make the bulk states insulating for detecting the transport properties of the topological surface states. Figure 9 (a) shows ARPES results of the Fermi surface (upper pannels) and the band dispersion near the Fermi level E F around Γ point (lower pannels) taken from an ultrathin film of Bi 2 Te 3 grown on Si (1 1 1) substrate [50] . We can see that the bulk conduction band denoted by B as well as the Diraccone-type surface states denoted by S cross E F . This means the inside of the film is a degenerated n-type semiconductor, due to Te deficits, which enhances the electrical conductivity through the interior of the film. In order to make the current flow preferentially through the surface states, the bottom of the bulk conduction band should be abobe E F , so that E F crosses the surface state bands only. For it, Pb atoms were incorporated during the grwoth of Bi 2 Te 3 film because Pb atoms are expected to replace Bi sites, resulting in hole doping in the film. Actually, as shown in figures 9(b)-(f), the whole bands are raised in energy position with increasing the Pb concentration, and 14% concentration of Pb is enough to raise the conduction-band bottom above E F and the Fermi surface of the conduction band disappears ( figure 9(e) ). Accordingly, the bulk carrier density, calculated from the area of the Fermi circule B, decareses and finally disappears with the Pb cncentration, as shown in figure 9(g) , while the surface-state carrier density remains because E F crosses the surface bands S only.
The sheet (2D) conductivity measured in situ by monolithic micro-4PP ( figure 1(e) ) in UHV decreases with the Pb doping as shown in figure 9 (h), which is consistent with the decreases in the carrier densities in figure 9(g) , and saturates around 20 µS at around 14% Pb concentration. This value corresponds to the conductivity by the Dirac-cone type topological surface states because the bulk bands are above E F as mentioned above. From this value of conductivity, together with the carrier density in the surface states (calculated from the area of the Fermi surface S), the carrier mobility is calculated to be around 30 cm 2 V −1 s −1 by using the Drude formula. This value of mobility is about twice of that of a non-topological surface state of Si(1 1 1)-√3 × √3-Ag surface [51] . This is disappointing because the carrier mobility in the Diraccone-type topological surface states is naively believed to be very high bacuse of supression of back scattering in the topological surface states. But this is not true for 2D surface states; although 180° backscattering of carriers in the topological surface states is prohibited due to spin-momentum locking, backscattering at other angles are allowed at e.g. domain boundaries, atomic steps and point defects, as shown by STP [23, 24] in figure 2, which makes the carrier mobility lower.
Another example is shown in figure 10 where the surface-state transport of a topological crystal Bi 2 Te 2 Se is directly measured by using a twelve-point probe shown in figure 1(f) and four-tip STM [52] . Bi 2 Te 2 Se is a topological insulator with highly insulating bulk states where E F is located within the bulk band gap so that only the surface states cross E F . After cleaving the bulk crystal in UHV, 4PP resistance measurements were done in situ by choosing four probes out of the twelve probes and also by using four-tip STM to obatined the probe-spacing dependence of the resistance. The twelve-point probe enables measuring the resistance with different probe spacings just by choosing different combinatoins of four probes out of the twele probes, while the tips are re-positioned in the four-tip STM for 4PP measurements with different probe spacings. Figure 10 shows the resistance as a fucntion of the effective probe spacing ranging from 400 nm to 100 µm [52] . The resistance at 300 K is inversely proportional to the probe spacing, while it is almost constant independent of the spacing at 30 K. This means different dimensionalities in the transport; the resistance for a 2D sheet R 2D and that for a 3D bulk R 3D have different dependences upon the probe spacing d;
respectively, by assuming that the d is much smaller than the size of the samples [4, 53] . Here R S is the sheet resistivity (Ω/□) and ρ is the 3D resistivity (Ω ⋅ cm). Then the results in figure 10 indicate that the measurement current flows through the bulk states inside the crystal at 300 K, showing 3D conduction, while the bulk carriers are frozen out at 30 K and the current flows through the metallic surface states only, showing 2D conduction. From the area of Fermi circle of the Diraccone type surface state measured by ARPES, the carrier density is calculated. Then by combining the conductivity derived from figure 10, we can deduce the carrier mobilityto be about 390
. This value is higher than that of the surface states of Pb-doped Bi 2 Te 3 in figure 9 by one order of magnitude. This may be because the doped Pb atoms act as carrier scatterers to reduce the carrier mobility in figure 9 .
The temperature dependence of resistivity in the Dirc-cone type surface state on Bi 2 Te 3 is directly measured in situ by macroscopic four-terminal method in UHV as shown in figure 11 [54] . The authors of this paper claimed that defects in the epitaxial Bi 2 Te 3 film were reduced by optimizing the growth condition so that the inside of the film could be insulating without any doping, which was confirmed by ARPES ( figure 11(a) ). The sheet resisitviity shows a metallic behavior as shown in figure 11(b) where the resisitvity decreases with cooling. This does not come from the insulatung bulk states, but from the metallic Dirac-cone type surface states. By the same procedue as before to obtain the carrier density from ARPES data, the carrier mobility in the surface state is estimated to be 4600 cm 2 V −1 s −1 . This is much higher than those in the previous results, which is considered to originate from the high quaity of sample and clean surface [54] . This high mobility may be intrinsic to the topological surface states.
These studies have illustrated that the electrical conductivity through the topological surface states can be detected by suppressing the bulk conductivity by making the bulk insulating, and that the characteristics intrinsic to the topological surface states depend on or even hampered by the defects and poor quality of samples.
Spin transport at surfaces
Bismuth is a non-topological material (a trivial material) having Rashba-type spin-split surface states that are Shockley/ Tamm type [41] , so that they are easily destroyed by defects and contaminations on the surface. Since, however, both of topologcal surface states and Rashba-type surface states have spin-split metallic bands and spin texture structures on the Fermi surfaces, we can expect spin-polarized current flowing on the both types of surfaces.
Spin-resolved transport measurements are a new challenge in the surface-state transport physics. Due to spin texture structures on the Fermi surfaces of Rashba-type and topological surface states, so-called 'spin-momentum locking' occurs where the spin of an conduction electron is always perpendicular to its momentum, resulting in spin-polarized current flowing on the surfaces (figure 12). For an example, when the unpolarized curent is injected into a sample from a non-magnetic tip, as shwon by a Pt tip (tip 3) in figure 13(a) , the current flows out isotropically on the sample surface. The spins of conduction electrons are indicated by small red arrows which are perpendicular to the current directions (long blue arrows). In order to detect this spin-polarized current in a particular direction, a magnetic tip (CoFe-coated carbon nanotube tip, tip 1 in figure 13 ) was used to measure the voltage drop between the electrode for reference (W tip, indicated by tip 2 in figure 13(a) ) [25] . The measured voltage should be different depending on whether the magnetization direction of CoFe tip and spin direction of the current are parallel or anti-parallel to each other, because the chemical potenteials for the majority and minority spins in the magnetic tip are different in energy so that the contact voltage between the CoFe tip and sample should differ depending on the spin-polarization direction of the current. Because of this effect, the measured resistance that is the voltage between the CoFe tip and W tip devided by the inject current from the Pt tip, should deviate from Ohm's law (and Onsager's recirocal relation). This deviation in resistance ΔR was measured at different positoins of the CoFe tip while the other tips were fixed. Figure 13 (b) shows the measured ΔR as a function of the distance x between the magnetic CoFe tip and the current injection Pt tip [25] . The postive side of the horizontal axis means that the CoFe tip is on the right side of the Pt tip, while the negative side of the axis means the opposite location of the CoFe tip with respect to the Pt tip. At the distance over 1 µm, ΔR is almost zero, while at distance samller than 1 µm, ΔR is non-zero values with opposite sign between +x side and -x side.This is because, as illustrated in figure 13(a) , the spin direction is opposite to each other in +x and −x directoins, and such spin-polarization survives only around 1 µm. This inidcates a sign of detection of spin-polarized current. An interesting phenomenon called 'spin-Hall effect' occurs on the surface of a material having strong spin-orbit interaction [55] . When an electrical current flows along y direction, flow of up-spin electrons in the current is bent to e.g. +x direction, while flow of down-spin electrons is bent to -x direction. This occurs without external magnetic field, because the imaginary magnetic field caused by the strong spin-orbit interaction is built in on the surface. Since the unpolarized current along y direction contains the same number of up-spin electrons and down-spin electrons, this phenomenon does not produce any electrinic current in x-direction, but make a flow of angular momentum; a net flow of the angular momentum corre sponding to up-spin occurs in +x direction. In other words, there is no charge current in x direction, but a so-called 'pure spin current' flows in this direction which is perpendicular to the original electrical current.
For an example, in a H-shape structure shown in figure 14(a) , when an electrical current flows along the left-side branch, the spin current flows along the horizontal bridge due to the spin-Hall effect mentioned above. A time-reversal process of the spin Hall effect occurs at the right side of the bridge (inverse spin Hall effect); the pure spin current produces an electrical current flowing along the right-side branch, resulting in a volatge appearing on the right-side branch. In other words, information can be transmitted from the left side to the right side through pure spin current. Since the pure spin current does not accompany charge flow by definition, in principle no Joule heating occurs at the bridge part in figure 14(a) ; the information is transmitted without energy dissipation. This opens up an interesting expectation for ultralow energy-consumption devices by using spin current. Figure 14(b) is an example of such a device, fabricated by focussed ion beam in UHV combined with four-tip STM system [56] . The electric current I is made flow through leads at the center and the volt age V is measured between leads apart from the current leads by distance L; the spin current is expected to flow along the horizontal strip of a topologocal insultor. The results will be published elsewhere.
Concluding remarks
In this short review, we have discussed trasnport phnomena at 2D electronic systems on the surfaces of 3D crystals. An interesting direction for further study may be 'edges of surfaces'. In 2D topological insulators, edge states appear in which spinpolarized current flows ( figure 12(b) ). This is called helical edge states with time-reversal symmetry kept. Furthermore, because of prohibition of 180° backscattering there, the flow should be dissipation-less (quantum spin Hall effect) [57] . Some kinds of materials are proposed to be 2D topological insulators [58] [59] [60] . Similar, but time-reversal-symmetrybroken edge states (chiral edge states) appear by introducing magnetic order in the topological surface states ( figure 12(c) ). This shows again dissipation-less transport, called quantum anormalous Hall effect. This is already confirmed experimentally at low temperatures [61] .
A new idea comes out about the edge states, so-called 'hinge states' of higher-order topological insulators in which symmtery in crystal structures are a key for topological protection [62, 63] . These edges states are expected to be a platform for future devices of ultra-low energy comsumption and error-tolerant operation. The experimental techniques introduced here may be useful to characterize such 'edge-state trasnport', too.
